Abstract In patients with migraine, the various sensory stimulation modalities, including visual stimuli, invariably fail to elicit the normal response habituation. Whether this lack of habituation depends on abnormal activity in the sub-cortical structures responsible for processing incoming information as well as nociception and antinociception or on abnormal cortical excitability per se remains debateable. To find out whether inducing tonic pain in the hand by cold pressure test (CPT) alters the lack of visual-evoked potential (VEP) habituation in migraineurs without aura studied between attacks we recorded VEPs in 19 healthy subjects and in 12 migraine patients during four experimental conditions: baseline; no-pain (hand held in warm water, 25°C); pain (hand held in cold water, 2-4°C); and after-effects. We measured P100 amplitudes from six blocks of 100 sweeps, and assessed habituation from amplitude changes between the six sequential blocks. In healthy subjects, the CPT decreased block 1 VEP amplitude and abolished the normal VEP habituation (amplitude decrease to repeated stimulation) in patients with migraine studied between attacks; it left block 1 VEP amplitude and abnormal VEP habituation unchanged. These findings suggest that the interictal cortical dysfunction induced by migraine prevents the cortical changes induced by tonic painful stimulation both during pain and after pain ends. Because such cortical changes presumably reflect plasticity mechanisms in the stimulated cortex, our study suggests altered plasticity of sensory cortices in migraine. Whether this abnormality reflects abnormal functional activity in the subcortical structures subserving tonic pain activation remains conjectural.
Introduction
Growing experimental evidence shows that in episodic migraineurs without aura, repetitive stimulation delivered with various sensory modalities during the pain-free interval elicits abnormal cortical responses characterized by deficient habituation or adaptation [1, 2] . Habituation is a ubiquitous phenomenon observed in simple and complex neuronal circuits, commonly defined as ''a response decrement as a result of repeated stimulation'' [3] . Although habituation takes place at various nervous system levels including the cerebral cortex, the mechanisms responsible for decreasing responses to sensory stimuli remain poorly understood [4] . This uncertainty helps explain why abnormal habituation in migraine still lacks a definitive consensus interpretation. Current ideas attribute this neurophysiological abnormality to cortical hyper-excitability probably arising from deficient intracortical inhibition [5, 6] , or to low sensory cortical pre-activation levels ultimately due to abnormal functioning of monoaminergic projections from the brainstem [1, 2] .
In migraine, the lack of habituation manifests when patients are pain-free (i.e. during the interictal or pre-ictal phase), culminates just before the onset of an attack [7] [8] [9] , and disappears during the attack [7, [9] [10] [11] , giving way to cortical responses to repetitive stimulation that transiently normalize. In migraineurs pain therefore helps to normalize cortical response amplitudes to repeated stimulation.
The current standard method for assessing excitability in the occipital cortex entails recording visual-evoked potentials (VEPs), electrical cortical responses to monocular visual stimuli. In a study aimed to examine the effect of pain on VEPs we recently showed that inducing pain in healthy volunteers abolished habituation even in cortical areas not involved in pain processing [12] . When the healthy subjects we studied underwent to the cold pressor test (CPT)-a long used and validated in vivo model for studying nociception and antinociception [13] [14] [15] -we found that the tonic pain induced in the hand reduced VEP amplitudes and abolished normal VEP habituation in the occipital cortex, a phenomenon that persisted after the painful stimulation ended. We attributed these changes in visual cortex excitability to pain-induced activation of brainstem monoaminergic nuclei that in turn modulates thalamic and thalamo-cortical neuronal activity, thus enacting a complex behavioral response aimed to adopt defensive strategies against pain.
Evidence that pain impairs habituation of cortical responses to repeated stimulation in healthy subjects but promotes habituation in migraineurs suggests that the structures subserving tonic pain act differently in patients with migraine and healthy subjects. Previous studies have nevertheless reported discrepant results [16] [17] [18] probably owing to the non-homogeneous techniques used for inducing pain (CPT or capsaicin application), and the differing neurophysiological variables studied (trigeminocervico-spinal, noxious flexor or blink reflexes). Most important, none of these studies explored the cortical circuits in which pain is known to change how the responses habituate to repetitive stimulation [12] .
More precise data are therefore needed to show how pain modulate cortical activity in migraineurs and healthy subjects, and especially to see whether activating the structures subserving tonic pain alters the disease-related changes in cortex excitability in migraineurs without aura. Studying cortical responses during tonic pain in migraineurs offers the unique opportunity to investigate visual cortex responsivity under conditions when baseline habituation is absent [1] and baseline activity in brainstem serotonergic nuclei reduced [19] .
We designed this study to find out whether inducing tonic pain in the hand by CPT alters the lack of VEP habituation in migraineurs without aura studied between attacks. To do so, we compared VEP-CPT-induced changes in migraineurs without aura studied interictally and healthy subjects.
Methods

Subjects
We enrolled a group of 14 migraine patients without aura (MO, ICHD-II code 1.1) who underwent VEP recordings during the interictal period, i.e. attack-free for at least 3 days before and after the recording sessions, and a group of 18 healthy subjects recruited among students attending the medical school and healthcare professionals. Inclusion criteria were absence of any overt medical condition, and in particular, any personal or family history of neurological (including migraine, for the healthy subjects) or psychiatric illness. Because neurophysiological investigations show that pain modulation changes during the menstrual cycle [20] , we included only female participants in the follicular phase.
All participants received a complete description of the study and granted informed consent, and the project was approved by the Ethics Committee of the ''Sapienza'' University of Rome, Polo Pontino. Participants taking regular medications were excluded, as well as subjects who failed to reach a best corrected visual acuity of [8/10.
Visual-evoked potentials
Subjects sat in a semi-dark, acoustically isolated room in front of the display surrounded by a uniform luminance field of 5 cd/m 2 . To obtain a constant pupil diameter, before VEP recording, each subject adapted to the ambient room light for 10 min. VEPs were recorded to monocular stimulation with the contralateral eye occluded. Visual stimuli consisted of full-field checkerboard patterns (contrast 80%, mean luminance 250 cd/m 2 ) generated on a TV monitor and reversed in contrast at a rate of 3.1/s. At the viewing distance of 114 cm, the single check edges subtended a visual angle of 15 0 . Subjects were instructed to fixate a red dot in the middle of the screen with the contralateral eye covered by a patch to maintain stable fixation. VEPs were recorded from the scalp through silver cup electrodes positioned at Oz (active electrode) and at Fz (reference electrode, 10/20 system); and a ground electrode was placed on the right forearm. Signals were amplified by Digitimer TM D360 pre-amplifiers (band-pass 0.05-2,000 Hz, gain 1,000) and recorded by a CED TM power 1401 device (Cambridge Electronic Design Ltd, Cambridge, UK). A total 600 consecutive sweeps each lasting 200 ms were collected and sampled at 4,000 Hz.
Cortical responses were partitioned in six sequential blocks of 100, consisting of at least 95 artifact-free sweeps. Responses in each block were averaged off-line (''block averages'') using the Signal TM software package version 3.10 (CED Ltd).
VEP components were identified according to their latencies from the stimulus: N1 was defined as the most negative peak between 60 and 90 ms, P1 as the most positive peak following N1 between 80 and 120 ms, and N2 as the most negative peak following P1 at between 125 and 150 ms (Fig. 1) . We measured the peak-to-peak amplitude of the N1-P1 complex. Habituation was defined both as the change in amplitude of N1-P1 recorded during the six blocks and the slope of the linear regression line for the six blocks.
Cold pressor test
We induced tonic pain using a validated cold pressor test (CPT) [14, 15, 21] . The subjects were required to dip their right hand, to a depth of 5 cm above the wrist, in a thermoregulated water bath for 4 min. The water temperature was maintained at 3-4°C.
Procedure VEP habituation was evaluated in separate sessions under four experimental conditions: baseline, before the CPT; nopain condition (VEPs recorded while subjects dipped their hand in the water at 25°C); pain condition (VEPs recorded 1 min after the CPT started); and after-effects condition (VEPs recorded 5 min after the CPT ended). Pain and nopain conditions were randomly assigned after the baseline session. To avoid possible skin receptor sensitization, after the hand was removed from the water it was dried, and subjects rested more than 20 min between pain and no-pain sessions. Because the no-pain condition probably does not sensitize skin receptors, after the hand was removed from the water subjects rested about 10 min between no-pain and pain sessions (Fig. 2) . All recordings were collected in the morning (between 09.00 and 11.00 a.m.) by the same experimenter.
Subjects rated the subjective intensity of the painful sensation on an 11-point numerical scale (11P NS) scale, graded from 0 no pain to 10 unbearable pain. 
Statistical analysis
We used the Statistical Package for the Social Sciences (SPSS) for Windows, version 15.0 for all analyses. We performed multivariate analysis of variance taking as a within-subject factor ''block'' and as between-subject factors ''Group'' (HS, MO) and ''condition'' (baseline, pain, no-pain and after-effect). A regression analysis was used to disclose linear trends in VEP amplitude across blocks in each condition and group (slope). Paired-sample t test was used to compare block 1 VEP amplitude at baseline and during pain condition in both groups. The Fisher least significant difference (LSD) test was used for post hoc analysis. Mann-Whitney U test was used to compare 11 PNS scores between groups. Pearson's correlation coefficient was used to test correlations between VEP habituation and subjective pain measures (11 PNS scores). P values less than 0.05 were considered to indicate statistical significance.
Results
Of the 32 participants initially enrolled, two patients and two healthy subjects who found the pain intolerable withdrew before the painful recording session ended and their data were excluded from the analysis. Complete VEP recordings were obtained for 12 migraineurs and 19 healthy subjects (Table 1 ).
In healthy subjects and patients with MO (7.7 ± 2.0 and 8.1 ± 1.4; Z = -0.99; P = 0.322) 11 PNS scores for subjective pain were similar.
ANOVA testing VEP amplitude block averages disclosed a main effect for factor block (F (5,575) = 3.59, P = 0.003), and a significant two-way interaction of group by block (F (5,575) = 4.31, P \ 0.001). Linear regression analysis of VEP amplitudes recorded in all blocks differed between sessions in healthy subjects (F (3,72) = 3.25, P = 0.02) but not in patients (F (3,43) = 0.61, P = 0.61). Post hoc analysis showed that during baseline and no-pain conditions in healthy subjects the linear trend in VEP amplitudes decreased from block 1 to block 6 (-0.28 during baseline, -0.18 during no-pain), whereas in patients it increased (?0.008 during baseline, ?0.19 during nopain; Fig. 3) . Conversely, during the pain condition and after-effects, the linear trend in VEP amplitudes remained unchanged or almost unchanged (pain condition healthy subjects 0.00, MO ?0.09; after effect healthy subjects -0.11, MO ?0.009) in both groups.
Paired t test showed that the baseline block 1 VEP amplitude decreased significantly during the pain condition in healthy subjects (t (1,18) = 3.53, P = 0.002) but not in patients (t (1,18) = 2.02, P = 0.08).
Pearson's test disclosed no correlation between the 11 PNS scores and slopes of VEP amplitude linear trends in both groups (all, P [ 0.05).
Discussion
Our results in this study show that activating the structures subserving tonic pain leaves the disease-related changes in visual cortex excitability in migraineurs without aura unaltered. Whereas in healthy subjects, the CPT decreased block 1 VEP amplitude and abolished the normal VEP habituation (amplitude decrease to repeated stimulation), in patients with migraine studied between attacks, it left block 1 VEP amplitude and abnormal VEP habituation unchanged.
The findings of the present study in healthy subjects confirm our previous observation that tonic pain modulates the cortical response to repeated visual stimuli and does so by inducing an early depression and a late facilitation (loss of habituation) of cortical response amplitude that persists for several minutes after pain ends [12] . This interpretation finds support in electroencephalographic (EEG) and eventrelated desynchronization (ERD) studies of cortical function showing that tonic pain induces marked changes in posterior areas [22] [23] [24] [25] . It also harmonizes nicely with the Thompson and Spencer [3] dual process theory that two opposing processes, i.e. depression and facilitation, predominate one after the other to determine the final behavioral outcome after stimulus repetition. At synaptic level, the stimulusresponse pathway (i.e. visual pathway) interacts with an external ''state'' system represented by various ''tonic'' nonspecific and motivational circuits (i.e. ascending neural systems including brainstem-thalamic circuits), critically Data expressed as mean ± SD involved in the central processing of arousal, control of the signal-to-noise ratio generated by sensory stimuli at cortical and thalamic level, and endogenous antinociception [26, 27] . Changing cortical excitability during and after pain is part of a complex behavioral response aimed to adopt defensive strategies against pain. Inhibition of the early responses is probably driven by attentional processes to pain [28] , whereas lack of habituation reflects the disruption of protective mechanisms whereby neuronal stress and toxic metabolites (i.e. lactate and protons) are prevented from accumulating in the sensory cortices after repeated stimulation and intervening pain [29] . Hence in healthy subjects CPT abolishes normal VEP habituation and does so likely by activating brainstem aminergic nuclei. Interestingly, evidence has accumulated showing that migraine is a disorder with low CNS serotonin transmission [19] , and the latter was claimed as a possible explanation for the reduced VEP habituation [1, 2] . At first glance, our findings in migraineurs during the pain condition fit in well with a normal visual cortex response to pain, manifesting with a lack of habituation to repeated stimulation similar to that observed in healthy volunteers. But if the migraineurs cortex behaves ''normally'' during pain insofar as it lacks habituation, it differs from normal because it lacks the normal block 1 VEP amplitude reduction. This is a substantial difference because the neural mechanisms thought to sub-serve the early response depression trigger the processes causing late responses to recover or augment (i.e. lack of habituation). Our finding that tonic pain in the hand fails to reduce block 1 VEP amplitude in migraineurs therefore suggests that migraine patients lack the early cortical changes manifesting as a phasic decrease in alpha activity and seen in EEG and ERD studies in healthy subjects during the first minute after immersing the hand in cold water [22, 23] . Consistently, during sustained photic stimulation migraineurs lack the alpha-blocking effect, and hyper-synchronize the alpha rhythm [30] [31] [32] [33] . Alpha hypersynchronization helps explain the augmenting VEP responses during prolonged repeated stimulation (i.e. lack of habituation).
In migraineurs, habituation response normalizes during pain induced by a migraine attack, but it does not normalize during CPT-induced tonic pain. This observation argues against pain being the sole mechanism responsible for ictally normalizing habituation, and suggests that changes in cortical mechanisms regulating the responses to repetitive stimulation differ when they are promoted by a migraine attack or a CPT.
Although we cannot exclude that our findings in migraineurs may derive from reduced activity of intracortical inhibitory circuits, in line with previous neurophysiological studies, we propose as the neural mechanism that abolishes the normal VEP habituation and also prevents the block 1 VEP amplitude reduction during tonic pain the patients' low interictal pre-activation levels in the sensory cortices [1] . A low cortical pre-activation level is thought to reflect reduced interictal thalamic and thalamo-cortical activation as disclosed by studies investigating high-frequency oscillations in somatosensory [34] and visual [35] systems. By inducing low-amplitude responses to early stimulation at baseline, the reduced sensory cortex pre-activation level probably prevents a further response decrease during the pain condition. Overall, the disease-related interictal cortical dysfunction in migraine prevents the cortical changes induced by tonic painful stimulation both during pain and after pain ends. Because immediate and longer-lasting cortical changes presumably both reflect CNS plasticity mechanisms that alter synaptic effectiveness in the stimulated cortex through long-term depression or long-term potentiation-like phenomena, our study suggests altered plasticity of sensory cortices in migraine.
Strong support for altered plasticity as a mechanism impairing cortical responsivity in migraine comes also from evidence that the transient cortical dysfunction observed in migraineurs between attacks alters the way the sensory cortices respond to neurophysiological protocols aimed to test cortical plasticity. Depressing visual cortex excitability with low-frequency repetitive transcranial magnetic stimulation increases the phosphene threshold [36, 37] and causes a lack of VEP habituation in healthy volunteers [38] [39] [40] . In contrast, in patients with migraine, the same rTMS protocols facilitate striate and extrastriate cortical areas resulting in threshold lowering, and also further strengthen the interictal habituation loss. These paradoxical responses call for stringent homeostatic plasticity mechanisms to govern migraineurs' sensory cortex, possibly favouring maladaptive plasticity.
In conclusion, activating the structures subserving tonic pain by CPT leaves the abnormal visual cortex responses to repetitive stimulation in migraineurs unchanged. Because tonic pain modulates visual cortical excitability by activating the monoaminergic brainstem nuclei that in turn modulate activity in thalamic and cortical neurons, we suggest that the lack of pain-induced cortical changes in migraine reflects hypoactivity in monoaminergic brainstem nuclei. By decreasing the level of preactivation in the sensory cortices, this abnormality prevents short-term and longer-term changes in cortical synaptic effectiveness. Having their sensory cortex response patterns locked in a restricted amplitude range possibly means that migraineurs become less able than healthy persons to enact defensive strategies against pain.
